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and Computer Engineering, The Hong Kong University of Science and Technology, Clearwater Bay, Hong KongABSTRACT In this article, we use terahertz spectroscopy to study the dielectric properties of the peroxidase-conjugated
affinity purified goat anti-cat immunoglobulin G and the fluorescein-conjugated affinity purified goat anti-cat immunoglobulin G
when they interact with polar liquids. The influence of protein concentration, as well as presence of glycerol as a cosolvent, is
determined by estimation of the effective hydration shell radius of the protein in solution. The dielectric spectra in this study are
measured over the frequency range 0.1–1.3 THz and it is found that the dielectric properties are dependent on the type of the
charges in the hydrogen-bonded antibodies’ networks. Our results indicate that the terahertz dielectric properties of polar liquids
are strongly affected by the presence of the antibody and suggest that the dielectric spectrum is particularly powerful in the study
of structural and conformational properties of proteins. Therefore, terahertz spectroscopy is a very sensitive approach to inves-
tigate structural features of biological systems.INTRODUCTIONProteins influence both the spatial and dynamic arrangement
of neighboring liquid layers through weak intermolecular
interactions (1). The collective vibrational modes are associ-
ated with the protein’s tertiary structure and lie in the far
infrared or terahertz (THz) frequency range (2–4). These
modes are due to intermolecular interactions and can be
probed in crystalline molecules (which may contain bound
water) in their solid form as well as in solution. For
example, THz spectroscopy has been used to study the
transformation of the a-helix into a b-sheet during insulin
amyloid fibrillation (5). Glycerol has been used for many
years as one of the common solvent additives to stabilize
the activity of enzymes and the native structure (folded
state) of proteins.
With the advent of pulsed THz techniques, low frequency
dielectric characterization of proteins can be accomplished.
Dielectric spectroscopy is a noninvasive, very sensitive
technique to investigate complex biological water systems
as detailed in previous reviews (6–8). The far-infrared
dielectric properties are dominated by vibrational modes
of the intermolecular hydrogen-bonded network (9). Indeed,
the dielectric spectrum can be used to investigate a number
of diverse biological phenomena such as cell division in
lower eukaryotes, ion transport across the membrane, and
impact of different types of stress on cells as well as cell
aging (10–13). There is abundant literature on the investiga-
tion of biological systems such as globular b-lactoglobulin,
hen egg white lysozyme, and short-chain peptide in solid-
phase using THz spectroscopy (14–16). However, labeledSubmitted April 15, 2010, and accepted for publication November 16, 2010.
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0006-3495/11/01/0225/7 $2.00immunoglobulin G (IgG), which constitutes an extremely
interesting and ample field of research, has not been as
intensely studied by this technique. In this article, we
conduct THz spectroscopy to study the behavior of anti-
bodies in polar liquid solutions.
Elevated levels of different classes of immunoglobulins
can often be used to determine the cause of liver damage
in patients for whom the diagnosis is unclear (17). Immuno-
globulin G is the most abundant class of antibodies found in
blood and tissue liquids and is especially elevated in viral
hepatitis, autoimmune hepatitis, and cirrhosis (18). There-
fore, overexpression of specific IgGs could serve as
a biomarker for rapid diagnosis of both acute and persistent
infections. Thus, we investigate whether the THz properties
of biological liquids are affected by the presence of a specific
IgG to determine whether THz spectroscopy could poten-
tially be used for antibody detection in the future.MATERIALS AND METHODS
Two types of antibodies are selected for this investigation. The peroxidase
(PX)-conjugated affinity purified goat anti-cat IgG powder and the fluores-
cein (FITC)-conjugated affinity purified goat anti-cat IgG powder (Jackson
ImmunoResearch Laboratories, West Grove, PA) are mixed with a 50/50
solution of distilled water and glycerol (L6876; Sigma-Aldrich, St. Louis,
MO) to obtain a protein concentration of 0.8 mg/mL, and stored in the
dark below 4C. Glycerol is a common component of solvents dissolved in
water as it stabilizes the proteinmolecules and, for frozen samples, it reduces
damage due to ice crystal formation. Because the proteins are stored in
a 50/50 glycerol/water solution, 50/50 glycerol/water was used to dilute
original solution to obtain concentrations of 0.56, 0.4, 0.27, and 0.16mg/mL.
The solutions at room temperature are clear and without precipitates.
The measurements are performed in reflection geometry using a modified
version of the TPI Imaga 1000 (TeraView, Cambridge, UK) to obtain the
data. A similar optical set up has been described by Pickwell et al. (19).
Briefly, the system uses photoconductive antennas for generation and detec-
tion of THz radiation, and an ultrafast laser (Vitesse; Coherent, Santa Clara,
CA) emits 90 fs pulses centered at a wavelength of 800 nm, with a 80 MHzdoi: 10.1016/j.bpj.2010.11.020
226 Sun et al.repetition rate and an average power of ~200 mW. The laser beam is sepa-
rated into the pump and probe beams by a beam splitter, but in contrast to
the TPI Imaga 1000 (TeraView), the laser in this system used for optical
excitation reaches the antennas via a fiber optic, rather than through free
space optics. The quartz window on the probe head is used to contact thensamcosqsam ¼ c
u
Re

kquartzcosqquartz
ð1 RÞkquartzcosqquartz þ ð1 þ RÞkaircosqair
ð1 RÞkaircosqair þ ð1 þ RÞkquartzcosqquartz

: (4)liquid sample directly with an angle of incidence of 3.4 and the reflected
terahertz pulse from the quartz/sample interface is detected coherently.
The pulse incident on the lower surface of the quartz is separated from
the pulse reflected off the sample by ~10 ps.nðuÞ ¼ c
ucosqsam
Re

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
: (6)To account for any enduring wave effects from the lower surface we
measured a baseline, as detailed in Huang et al. (20), and subtracted this
from our sample and reference measurements. The terahertz wave can
penetrate the sample by ~500 mm. Therefore, to avoid unwanted reflections
in the sample, we prepared a liquid layer which is of the order of a fewmilli-
meters thick. The usable frequency range is from ~0.1 THz to 1.6 THz, but
the valid range tends to decrease when the sample is in an aqueous phase
due to signal attenuation by the sample.
THz spectroscopy is typically done with a single point measurement of
a homogenous sample and the resulting THz electric field can be recorded
as a function of time. In this study, the complex refractive index can be
acquired through consideration of Fresnel’s coefficient in a reflection geom-
etry. The incident and the reflected electric fields are determined by the
Fresnel’s equations as well as their polarization statuses (21).
A fast Fourier transform of the temporal profiles was performed to offer
meaningful spectroscopic information due to the broadband nature of pulsed
THz radiation. We used a measurement of air as a reference. Because the
incident THz light is s-polarized in our system, the complex spectrumEref(u)
of the reference THz pulse is related to the complex spectrum
EsamðuÞ
of the output THz pulse by Eq. 1, where
kðuÞ ¼ nðuÞu=c ðaðuÞ=2Þi
and n(u) is the frequency-dependent refractive index, a(u) is the frequency-
dependent absorption coefficient, and c is the speed of light in a vacuum,
R ¼ EsamðuÞ
Eref ðuÞ
¼ kquartzðuÞcosqquartz  ksamðuÞcosqsam
kquartzðuÞcosqquartz þ ksamðuÞcosqsam
 kquartzðuÞcosqquartz þ kairðuÞcosqair
kquartzðuÞcosqquartz  kairðuÞcosqair : (1)
To extract ksam, we rearrange above equation as below,ksamcosqsam ¼

1 Rk2quartzcos2qquartz
ð1 RÞkaircosqai
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refractive index of the medium where the light propagates,
nsamsinqsam ¼ nairsinqair: (3)
By rearranging Eq. 2, we also know thatThen by solving Eq. 3 and Eq. 4 simultaneously, we can obtain cosqsam.
This can then be used in the equations below for the refractive index and
absorption coefficient which come directly from the real and imaginary
parts of Eq. 2:RESULTS AND DISCUSSION
Terahertz dielectric properties
The complex permittivity 3* is expressed by the real part 30
and the imaginary part 300 (3* ¼ 3’ i 300) in which the real
part corresponds to the dielectric constant and the imaginary
part, known as the dielectric loss factor, is a measure of the
energy absorption per cycle (1). We extracted the dielectric
constant and the dielectric loss spectrum of the protein solu-
tions to indicate the effects of these two antibodies. The real
and imaginary parts of the complex permittivity were calcu-
lated from the frequency-dependent optical constants n(u)
and a(u) as detailed in Eq. 7, and are plotted in Fig. 1 for
the 50/50 water/glycerol mix, peroxidase-conjugated IgG
(PX-IgG), and the fluorescein conjugated IgG (FITC-IgG),
3 ¼

nðuÞ  i

caðuÞ
2u
2
¼ nðuÞ2

caðuÞ
2u
2
2nucaðuÞ
2u

i
¼ 30  i300
030 ¼ nðuÞ2

caðuÞ
2u
2
0300 ¼ 2nucaðuÞ
2u

:
(7)
In Fig. 1 A, compared to the solvent, PX-IgG has a higher
dielectric constant than FITC-IgG over the whole frequency
range. There are two noticeable peaks in the dielectric loss
spectrum of PX-IgG at 0.76 and 1.18 THz.
The dielectric loss factor 300(u), is of particular interest in
this work, because it is related by the general fluctuation-
dissipation theorem to the spectrum of polarizationþ ð1 þ RÞkquartzcosqquartzkaircosqair
r þ ð1 þ RÞkquartzcosqquartz : (2)
FIGURE 1 (A) Dielectric constant spectra and (B) dielectric loss spectra
of water/glycerol mix (black line with circles), peroxidase-conjugated IgG
(PX-IgG) (red line with triangles), and the fluorescein-conjugated IgG
(FITC-IgG) (green line with crosses) dissolved in the water/glycerol solu-
tion at a concentration of 0.8 mg/mL. Error bars for the 95% confidence
intervals are too small to be seen when plotted.
TABLE 1 Comparison of average molecular mass (MM),
average antibody radius (AR), and depth of hydration shell
(DHS) of PX-IgG and FITC-IgG
MM (KDa) AR (A˚) DHS (A˚)
PX-IgG 210 53.45 3.3 17.75 3.3
FITC-IgG 152 48.05 1.5 23.15 1.5
THz Spectroscopy of Antibody Interactions 227fluctuations of a dielectric sample that originate from ther-
mally induced translational stochastic motions of charge
carriers and the rotational tumbling motion of dipolar enti-
ties. Furthermore, due to the relative broadness of the dielec-
tric spectra, the different relaxation processes will only be
resolved adequately if the polar molecules under investiga-
tion differ significantly in size (22). This is the case for the
ternary glycerol-water-protein system studied here. The
low frequency contribution to relaxation can be assigned
unambiguously to the motion of the protein whereas the
high frequency contributions result from the solvent (22).
In Fig. 1 B, we observe that the glycerol-water solvent
provides a noticeable loss contribution in the low frequency
region (from 0.2 to 0.4 THz). There are also underlying oscil-lations present in the solvent and both antibody solutions: we
attribute these oscillations to the solvent. However, PX-IgG
(red linewith triangles) has significantly higher contributions
centered at 0.76 THz and 1.18 THz. These vibrational modes
are most likely to be due to the weak intermolecular interac-
tions between the peroxidase and the IgG. The spectra of
the solvent (black line with circles) and FITC-IgG (green
line with crosses) do not show any clear band structure; they
only decreasemonotonicallywith frequency. See alsoTable 1.
It is known that the effect of the dynamic depolarization,
which is proportional to the solution conductivity, depends
only on the dielectric properties of the solution (23).
A charge that moves in the driving electric field (the THz
pulse) causes the surrounding solvent molecules to rotate
(24). The direction of this rotation has an opposite sign
compared to the direction of the electric field, hence resulting
in a decrease in the dielectric relaxation strength. It is re-
ported that IgG fractions are negatively charged and that addi-
tion of fluorescein renders them more electronegative (25),
whereas in the studies of Herrmann et al. (26), they found
by gel electrophoresis that peroxidase has a positive charge.
Hence, due to the type of the charges in the hydrogen-bonded
antibodies networks, dielectric spectra indicate the difference
between antibody PX-IgG and FITC-IgG. Furthermore, posi-
tively charged PX-IgG aqueous networks significantly
enhance the dielectric relaxation strength.
Dielectric spectra consist of many bands originating from
vibrational modes (27). The only differences between the
molecular structures for the two antibodies are in the conju-
gation pattern, whether it is peroxidase- or fluorescein-conju-
gated. FITC is the fluorescein base molecule functionalized
with an isothiocyanate reactive group (–N¼C¼S) at one of
two hydrogen atoms on the bottom ring of the structure.
This derivative is covalently coupled to primary amine groups
on proteins of the immunoglobulin, whereas sugar residues
present on peroxidase can be oxidized to produce aldehydes
which react with primary amines on antibodies (28).
The conjugation scheme for the FITC and peroxidase reac-
tion with an amine on immunoglobulin is shown in Fig. 2. As
we see from Fig. 2, the PX-IgG contains a reactive aldehyde
group but the FITC-IgG does not, thus it is likely that this
group is responsible for the strong absorption. Previous studies
of a-lactose monohydrate (which also contains an aldehyde
group) support this hypothesis, because two absorption peaks
at similar frequencies (0.52 and 1.38 THz) were also observed
at room temperature (29). It would be interesting to see how
and if the absorption features changewhen a substrate is bound
to the antibodies, but this lies beyond the scope of this study.Biophysical Journal 100(1) 225–231
FIGURE 3 Absorption coefficients of (A) FITC-IgG and (B) PX-IgG in
50% glycerol solution at concentrations: 0.16, 0.27, 0.4, 0.56, and
0.8 mg/mL (red solid line). Error bars for the 95% confidence intervals
are too small to be seen when plotted.
FIGURE 2 Conjugation scheme for (A) FITC and (B) enzyme reaction
with a primary amine on immunoglobulin.
228 Sun et al.Concentration-dependent measurements
Fig. 3 shows the dependence of the absorption coefficients
on the concentration of the antibodies PX-IgG and FITC-
IgG. THz absorption spectra are very sensitive to crystalline
structures (30,31), but the liquid protein form of FITC-IgG
lacked any distinct peaks in the spectral region studied.
However, the PX-IgG exhibited spectral peaks at 0.76 and
1.18 THz approximately (i.e., at the same location as the
absorption peaks in Fig. 1 B). As expected, these peaks
became submerged as the protein concentration was
decreased. The absolute overall absorption increases with
decreasing protein fraction, because THz is absorbed
strongly by the water in the solvent. When we compare
the absorbance of two antibody proteins at the same
frequency, the absorbance of FITC-IgG is consistently
higher than that of PX-IgG.
We determined the THz absorption coefficient aideal(u)
as a linear function of increasing protein concentration in
the solvent volume V. We expect the proteins to be much
less absorbing than the glycerol solution and so expect the
absorption coefficient to decrease with increasing protein
concentration. In Fig. 4, the THz absorption at variousBiophysical Journal 100(1) 225–231concentrations of antibodies FITC-IgG (green marks) and
PX-IgG (red marks) in 50% glycerol solutions is determined
at 0.45 THz. We used Eq. 8 (32) for the absorption coeffi-
cient of an ideal mixture. Equation 8 is based on the two-
component excluded volume model and was used to fit
absorption coefficient versus protein concentration,
aidealðuÞ ¼ A1aproteinðuÞ þ A2asolventðuÞ; (8)
where ai is the absorption coefficient for each component,
and the coefficient
A1 ¼ Vprotein=V and A2 ¼

V  Vprotein

V:
THz absorption decreases linearly with the protein concen-
tration increasing from 0.16 to 0.56 mg/mL and then devi-
ates at the higher protein concentration as shown in Fig. 4.
Such a nonmonotonic, nonlinear behavior cannot be ex-
plained simply by a two-component excluded volume
model. The water layer around the protein molecule is
known to exhibit distinct dynamical properties compared
FIGURE 4 Terahertz absorption of antibodies in 50% glycerol solutions
at 0.45 THz. The line with solid green squares represents the fluorescein
conjugated IgG (FITC-IgG) and the line with red hollow squares represents
the peroxidase conjugated IgG (PX-IgG). The lines are fitted to highlight
the linear behavior when the concentration changed from 0.16 to
0.56 mg/ml. The error bars are the 95% confidence intervals.
THz Spectroscopy of Antibody Interactions 229with bulk water. In Fig. 4, the nonlinear change can be ex-
plained as the beginning of overlap of the dynamical hydra-
tion shell around the protein molecule.
Therefore, we continued our analysis in terms of individ-
ually determined absorption coefficients using a ternary
component model (protein, hydration water, and bulk
water), which assumes a distinct absorption coefficient of
the water around the solute molecule due to the distinct
properties of the solvation water (33). In this model ex-
pressed by Eq. 9, the ideal absorption coefficient is
described as the volume-weighted fraction of the absorption
of the protein, the hydration water, and the bulk water,
aidealðuÞ ¼ A1aproteinðuÞ þ A2ahydrationshellðuÞ
þ A3abulkwaterðuÞ: (9)
IgG antibodies are large molecules of ~150 kDa
composed of four peptide chains. Typically they contain
two identical heavy chains of ~50 kDa and two identical
light chains of ~25 kDa. The enzyme (e.g., peroxidase)
and the fluorophore (e.g., fluorescein) can be tagged on
the IgG to become a labeled antibody (34). The number of
tagged molecules per antibody affects the overall conforma-
tion of the combined molecule. In our study there are 1–2
peroxidase molecules (molecular mass: 40 kDa) per IgG
molecule and 4–7 fluorescein molecules (molecular mass:
390 Da) per IgG molecule (35). We assume that the tagged
antibody is a homogenous hard sphere. This is appropriate
because we are probing the properties at a macroscopic
level: consequently, the molecular orientation distribution
is assumed to be random across the sample, resulting in
an isotropic average molecular conformation.
Using a classic method (36), the effective hydrodynamic
radius Rb for a bare IgG molecule is
Rb ¼ 55:15 0:3 A:The radius of the hydrated IgG molecule, R0, is given by
(33)
R0 ¼ Rb$Oð5=3Þ:
This is 71.15 0.4 A˚ for the IgGmolecule. From Fig. 4 we see
that the absorption coefficient starts to behave nonlinearly
above a concentration of 0.56mg/mL—this is due to hydration
shell overlap. From the graph, we deduce that the nonlinear
behavior started between concentrations 0.5 mg/mL and
0.6 mg/mL. We therefore use these concentrations for cprotein
in the formula below to determine limits for the average radius
R of the antibody molecule,
4p
3
R3 ¼ mmass
cproteinNA
; (10)
where mmass is the molecular mass and NA is the Avogadro
constant. The molecular mass of the tagged antibody
depends on the number of tagged molecules per IgG mole-
cule, so to determine the upper and lower limits of the radius
we also need to consider the highest and lowest possible
molecular masses in conjunction with the lowest and highest
concentrations for cprotein. These give limits on the average
radius for PX-IgG of 50.1 A˚ to 56.7 A˚ so that
R ¼ 53:45 3:3 A:
Similarly, the average radius for FITC-IgG is
R ¼ 48:05 1:5 A:
From these we can directly deduce the thickness of the
hydration shell (Rshell ¼ R0R) to be
17:75 3:3 A
for PX-IgG and
23:15 1:5 A
for FITC-IgG. It has been found that the binding of native
antibodies causes a decrease in the radius (Rb) of up to
2 A˚ for PX-IgG and 7 A˚ for FITC-IgG (37) and so our calcu-
lations of hydration shell thicknesses are maximum values.
The above discussion is shown schematically in Fig. 5.
Similar values of the hydration shell have been reported
by Heugen et al. (38). As the concentration of the antibodies
increases, the hydration shells start to overlap and result in
nonlinear absorption. Eventually, the hydration shells over-
lap fully and are saturated such that it is not possible to
increase the concentration further. This occurs at much
higher concentrations than those which we investigated in
this study. A greater variety of concentrations would ideally
be investigated in further work.SUMMARY
In this study, we have determined the effects of two anti-
bodies on the dielectric properties of a polar liquid fromBiophysical Journal 100(1) 225–231
FIGURE 5 Schematic diagram for overlap of the hydration shells for
FITC-IgG and PX-IgG in the glycerol solution.
230 Sun et al.0.1 to 1.3 THz. The complex permittivity response of the
polar liquid and the proteins in solution have been measured
as a function of frequency. The response is strongly associ-
ated with the polarization arising from the polar liquids’
network of hydrogen bonding. The presence of different
antibodies affected the solution uniquely such that the
dielectric properties of each solution containing an antibody
were sensitive to the conjugation of the antibody added.
This highlights that hydrogen-bonded networks of charged
protein solutions play an important role in determining the
dielectric properties detected by THz spectroscopy.
In further work, we will also investigate different dielec-
tric relaxation models of liquids and the distribution func-
tion for more complex protein-liquid systems, so as to
understand and relate the measurements to the molecular
changes occurring.
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